Using the photon-ion merged-beam technique, we have measured the absolute photoionization cross sections for Xe 2+ and Xe 3+ formation from Xe + at selected energies between 80 and 140 eV, and utilized the absolute data to normalize our previously reported relative cross sections. The structure and energy dependence of the cross sections for Xe + deviate from those of neutral Xe; however, the maximum total cross section for Xe + is, within the experimental error, the same as for Xe.
Introduction
The influence of the removal of outer electrons on inner-shell photoexcitation or photoionization processes has been attracting interest during the past two decades. Lucatorto et al [1] measured the photoabsorption spectra of Ba, Ba + and Ba 2+ in the 4d threshold energy region using the dual laser-produced plasma (DLP) technique. The photoionization spectrum of Ba in the 4d threshold region is characterized by a so-called giant resonance peak [2] . They showed that when the two 5s electrons are removed from the outer shell of Ba, a drastic change happens, and many discrete lines appear in the lower energy region of the broad giant resonance peak. Later, Koizumi et al [3] showed that such a change does not occur abruptly by removal of the two outer electrons; the alteration of the spectra takes place continuously with the variation of the charge state of the target.
Several investigations have been made to study the photoionization processes of free ions along isonuclear sequences. D'Arcy et al [4] studied the photoabsorption spectra of Sb + , Sb 2+ , Sb 3+ and Sb 4+ using the DLP method, and the photon-ion merged-beam technique has frequently been applied to measure cross sections. Kjeldsen et al [5] made absolute measurements for I + and I 2+ targets, Sano et al [6] , Koizumi et al [7] and Watanabe et al [8] reported relative cross sections for Xe + , Xe 2+ and Xe 3+ , and Bizau et al [9] extended their measurements from Xe 4+ to Xe 7+ targets in the 4d region. The 4d photoionization of Xe atoms is also characterized by the giant resonance peak due to the 4d-f transition, and some preceding discrete peaks which correspond to 4d-6p, 7p transitions [10] . When the charge state of the Xe ion is increased, Koizumi et al [7] showed that (i) strong 4d-5p transitions occur around 55 eV and (ii) the intensities of the preceding peaks increase. So far, it has been very seldom [11] that absolute photoionization cross sections have been determined. Therefore, it has been unclear whether the discrete transitions govern the photoionization processes of these ions in the 4d region.
We report the absolute partial and total photoionization cross sections of Xe + ions (4d 10 5s 2 5p 5 2 P 3/2,1/2 ) measured at selected energies between 80 and 140 eV. The aim of this paper is to study the quantitative changes of the giant resonance peak due to the removal of outer 5p electrons. To do that, the absolute cross sections were used to establish an absolute scale for the relative cross sections reported by our group [6, 7] .
During the preparation of this paper, we were informed that Andersen et al [12] had also measured the absolute photoionization cross sections of Xe + and Xe 2+ ions. The two sets of cross sections agree with each other within the experimental errors.
Experimental
Details of the photon-ion merged-beam apparatus used were described by Koizumi et al [3] and Sano et al [6] , so only a brief description is given here. It consists of an electron-impact ion source, a Wien filter as a mass selector, quadrupole deflector, interaction region, electrostatic charge analyser and ion detectors. The Xe + ions were produced by an electron impact of about 150 eV at single collision conditions. It is known that almost all the ions are produced in the ground electronic configuration, 5s 2 5p 5 . The fractional ratio of Xe + ( 2 P 3/2 ) and Xe + ( 2 P 1/2 ) is determined by the statistical ratio, 2:1. The primary-beam intensity was about 80 nA.
The experimental method to determine the absolute cross section is the same as applied by Lyon et al [13] . We used the following equation to determine the cross section, σ :
where S is the signal counting rate, I the ion current measured by the Faraday cup, J the photodiode current, e the charge of an electron, v the velocity of the incident ions, L the length of the interaction region, and η and are the detection efficiencies of the photodiode and ion detector, respectively. F av is the linear average of the two-dimensional form factor, F (z), along the beam axis z describing the beam overlap.
To determine the form factor, we introduced three pairs of movable slit into the interaction region. Each set consists of two slits which can be moved independently vertically and horizontally. The width of the slits was both 0.3 mm. The form factor is defined as
where i and j are the current elements measured by these slits at (x, y), whereas x and y are the stepping distance of the slits, which was normally 0.3 mm. A typical value for x yF av /L was about 2.5 × 10 −3 cm. The form factor measurement was repeated when the experimental conditions were changed. It took about 1 h to measure the form factor at the three positions inside the interaction region.
We added an einzel lens between the collimator and the interaction region to obtain better focusing, and nearly 100% of the ions were transferred from the interaction region to the detector system. The absolute intensity of the photon beam was determined by measuring the photocurrent from the Si photodiode calibrated at NIST [14] . The accuracy of the detector efficiency is claimed to be ±8% in the 100 eV region. The primary ion-beam current and the photodiode current were both measured by calibrated electrometers.
The charge states of the product ions were determined by an electrostatic charge-state analyser. The single-and double-photoionization cross sections could be measured at the same time. The analysed ions were further accelerated by a voltage of −3.2 kV before hitting a metal plate, placed in front of the detector, producing secondary electrons. The ion detection was performed by counting these electrons by channel electron multipliers. In the present setting, the energies of the analysed ions were 9.2 keV for Xe 2+ ions and 13.2 keV for Xe 3+ ions. These energies are considered to be large enough to produce at least one electron when an ion hits the metal surface; the detection efficiency is assumed to be 1 for both Xe 2+ and Xe 3+ ions in the present data analysis. The error due to this assumption is estimated to be less than 10%.
The absolute cross section measurements were repeated several times at selected energies. A typical counting rate for the Xe 3+ signal was 4000 s −1 , and the signal-to-noise ratio was about 3 in the region of 100 eV. The overall systematic error is estimated to be less than ±20% and the statistical error (the standard deviation of the mean) is evaluated to be about ±5%. The statistical error for the single-photoionization cross section is estimated to be ±40%. This large error bar is mainly due to the lower counting rate for the Xe 2+ signal being less than 10% of the Xe 3+ signal, while the background remained at the same order of magnitude.
The measurements were performed at the 2.5 GeV storage ring of the KEK photon factory at an undulator beam line (BL-16B). Photons were monochromatized by a 24 m spherical grating monochromator [15] , with the typical photon flux estimated to be about 10 13 s −1 . The energy calibration of the photon beam was done by measuring the discrete structures of neutral Xe at around 65 and 135 eV. The accuracy of the energy scale in the present measurement is estimated to be better than ±0.05 eV.
Results and discussions

Total photoionization cross section
The sum of absolute single-and double-photoionization cross sections, which were determined individually, are shown in figure 1. Each point represents the averaged value of several measurements, and the numerical values are given in table 1. The error bars represent the sum of the systematic and statistical errors.
As the threshold energy for triple ionization of Xe + is estimated to be 100 eV from the electron-impact data [16] , the summed cross sections below 100 eV can be considered as the total photoionization cross section, whereas above 100 eV Xe 4+ may contribute to the total cross section.
In figure 1 , the sum of the previously determined single-and double-photoionization cross sections [6, 7] , and the total photoionization cross section for neutral Xe [10, 17] are shown for comparison. The relative cross section for the Xe + target is normalized to the absolute scale at 103.6 eV. The absolute photoionization cross section for the Xe + ion is seen to be about 15% smaller than for neutral Xe at the giant resonance peak. The error bar of the cross section for neutral Xe is reported to be 2-3% [17] . [7] , normalized at 103.6 eV (--), and absolute total photoionization cross section for Xe [10, 17] (----). It is well known that almost all the oscillator strength for the 4d electrons in neutral Xe is distributed in the broad giant resonance peak. For example, the oscillator strength distribution between 59.2 and 150.0 eV is reported to be 11.01 [18] ; almost all the oscillator strength is consumed in 4d-f transitions.
Sano et al [6] and Koizumi et al [7] found in the photoionization cross section of Xe + ions that there exist many discrete lines which are not seen for the Xe target. They calculated the energy levels using the multiconfiguration Dirac-Fock (MCDF) code and assigned these lines to 4d-np, 4d-nf transitions located below 4d ionization thresholds. The 4d-5p transitions at around 55 eV are the most intense transitions among them. As the oscillator strength for 4d electrons is distributed to include these discrete lines, the giant resonance peak is expected to be lowered to some extent in the Xe + case. When we integrate over the peak area of the relatively determined cross section corresponding to the 4d-5p transitions, we obtain 1.5×10 −17 cm 2 eV. The photoionization cross section is expressed as σ = 1.098 × 10 −16 cm 2 eV −1 df/d , where df/d is the oscillator strength per unit energy [19] . Thus, the oscillator strength for these 4d-5p transitions is estimated to be 0.15. Taking into account that there exist many discrete lines, we estimate that only 2-3% of the 4d oscillator strength is used for the discrete transitions. If the rest remains to form the broad giant resonance peak, the cross section should be nearly the same for Xe and Xe + targets. Our experimental result provides evidence for the giant resonance peak remaining of the same order of magnitude in Xe + as in Xe, taking the experimental error of ±25% into account.
Single-and double-photoionization cross sections
In figure 2 , the single-and double-photoionization cross sections for Xe + are shown separately. The energy dependence and the magnitude of single-and double-photoionization cross sections determined absolutely agree well with the relative measurements [6, 7] above 100 eV. However, the broad structure seen between 75 and 90 eV in the relative double-photoionization cross section is not so prominent in the present measurement. The same tendency is seen in the singlephotoionization cross section below 100 eV, but the absolute cross sections are smaller than the relatively determined cross sections. The present measurement for the Xe 3+ production cross section shows a significant dip around 99 eV which was not seen in the relative measurements, and the same tendency is reported by Andersen et al [12] . This structure is statistically significant because the statistical error of the present measurement is about 5%. The reason for the differences observed between this paper and the relative measurement is not yet clear. It might be due to the different methods of photon intensity determination. In this paper, we used a Si photodiode. We found that the detection efficiency of the Si photodiode changes strongly around the absorption edge of Si atoms, at around 99.2 and 99.8 eV. Therefore, we carefully avoided using these energies to normalize the relative cross sections. In the relative measurements, a gold-plated photodiode was used and the efficiency was determined by measuring the photoion yield curve of neutral Xe.
Amusia et al [20] made a calculation of the single-photoionization cross section for the Xe + target using the random phase approximation with exchange (RPAE). Their theoretical results are compared with experimental results in figure 3 . They drew attention to the increase of single-photoionization cross section observed at the giant resonance region. They showed that this could not be reproduced in the Hartree-Fock cross section, that is, the sum of direct ionization cross sections of 5s and 5p electrons. They emphasized that the singlephotoionization cross section is determined by the interchannel interaction between strong 4d channels with the 5s-p and 5p-d, s transitions. The agreement between theoretical results and the measured results is excellent in the region higher than 100 eV. The relatively determined cross section also seems to support the theoretical results at the lower energy region, and the theoretical value is about two times larger than the present result at about 90 eV. The calculated value for the single-photoionization cross section for a neutral Xe target reported in that paper was 2.8 × 10 −18 cm 2 at 90 eV; this is about 40% larger than the measured value of 2.0 × 10 −18 cm 2 [10] . The calculation reported by Amusia et al might overestimate the interchannel coupling at the peak energy region of the giant resonance. A large discrepancy is seen for the strong discrete line theoretically obtained at 63.6 eV. Amusia et al assigned the line to a 4d-4f transition, but experimentally such a line was not seen. The peak observed at around 55 eV in the relative measurement was assigned to 4d-5p transitions [6, 7] . Therefore, it would be necessary to improve the calculation below the 100 eV region.
Summary
The absolute partial and total photoionization cross sections for Xe + ions were determined. The structure and energy dependence of the photoionization cross sections of singly charged Xe ions are rather different from those of the neutral Xe atom: however, the absolute cross sections around the giant resonance are nearly the same for both cases. It is concluded that the removal of one outer electron only has a little effect on the magnitude of the total photoionization cross section within the 4d threshold energy region.
